Introduction
Sibling species are commonly found in marine habitats (Knowlton 1993) . The development of molecular techniques, primarily DNA sequencing, has given biologists a new tool for detecting numerous cases of crypticism within widely distributed taxonomic units, overturning traditional notions about biodiversity and ecological interactions. In particular, marine habitats are fertile grounds for cryptic speciation (Feral 2002; Bickford et al. 2007) , and the overwhelming message from molecular tools is that biodiversity at the species level has been underestimated in many marine invertebrate groups (Knowlton 2000; Bucklin et al. 2011) .
Phenotypic plasticity of marine invertebrates, as a response to both genetic characteristics and local environmental conditions, has complicated the discrimination of closely related taxa by traditional methods of morphological analysis (e.g. Monteiro et al. 1997; Sponer et al. 2001; Le Gac et al. 2004; Peijnenburg et al. 2006; Pérez-Portela & Turon 2008) , hindering the definition of species boundaries in many cases (Lee 2000) . Thus, molecular data are especially useful for species identification when morphological characters are inconclusive (Hebert et al. 2003) . In the case of echinoderm species, DNA sequences have provided an accurate tool for species identification and have the potential to identify all life history stages, including juveniles and larvae, which may be extremely difficult to distinguish at the species level (Kirby & Lindley 2005; Ward et al. 2008; Hoareau & Boissin 2010) .
Molecular analyses have also been extensively applied to resolve marine biogeographic patterns, allowing generalizations about the factors directly involved in the genetic divergence of populations and speciation within the marine realm (e.g. Palumbi 1994; Knowlton 2000; Feral 2002; Schroth et al. 2002) . In benthic marine species, the distribution patterns of genetic variability have revealed that major phylogeographic breaks are concordant with biogeographic boundaries. Dispersal capabilities and life history patterns are crucial determinants of the distribution of genetic diversity, differentiation and speciation in the sea. Species whose embryos, larvae or juveniles spend long periods of time in the water column are expected to display higher gene flow and, consequently, a weaker interpopulation genetic structure and divergence (Palumbi 1994) . However, empirical data have demonstrated that genetic patterns of low connectivity can occur in species with long-lived, planktotrophic larvae and large dispersal potential (Benzie 1999; Launey et al. 2002; Hunter & Halanych 2010) , highlighting the complexity of the processes that shape the spatial distribution of species. Genetic diversity patterns in the marine realm depend on the interplay between life history features, physical barriers and historical and contemporary processes (Palumbi 1995; Benzie 1999; Patarnello et al. 2007) .
The Atlanto-Mediterranean littoral region covers a wide range of subtropical, temperate and subarctic conditions, which has experienced an intricate geological and climatological history. Along the coast of Europe, the English Channel marks the transition between temperate and cold ⁄ boreal marine faunal assemblages (Cox & Moore 2000) , while the Gibraltar Strait and Alboran Sea represent the only connection between the Atlantic and Mediterranean basins and one of the most important potential barriers to gene flow in the world's oceans (Tintoré et al. 1988; Borsa et al. 1997; Patarnello et al. 2007) . In general, marine straits are key biogeographic breakpoints, due to strong current regimes and repeated disconnections and reconnections over geological timescales, and have important implications in the speciation processes of marine species (e.g. Wares & Cunningham 2001; Waters & Roy 2003; Jolly et al. 2005; Hunter & Halanych 2008; Maggs et al. 2008; Zulliger et al. 2009 ). The influence of the Atlanto-Mediterranean divide is not completely clear from a genetic point of view, as the patterns observed to date vary with the species studied and the molecular markers used (e.g. Chevolot et al. 2006; Pérez-Losada et al. 2007; Calderon et al. 2008; Palero et al. 2008; Borrero-Pérez et al. 2011) ; hence, the significance of this transition for the distribution of species still remains controversial (Borsa et al. 1997; Cimmaruta et al. 2005; Patarnello et al. 2007) . Integrating information across a wide range of animal groups with different life history parameters is required for a more comprehensive understanding of the effects of historical events and current barriers on the genetic divergence of the marine fauna in the Atlanto-Mediterranean area. Unfortunately, some taxonomic groups remain largely unexplored. A conspicuous example is the echinoderms, for which only a few species have been genetically analysed along the Atlanto-Mediterranean transition (Duran et al. 2004; Baus et al. 2005; Boissin et al. 2008 Boissin et al. , 2011 Calderon et al. 2008; Zulliger et al. 2009; Maltagliati et al. 2010; Pérez-Portela et al. 2010; Borrero-Pérez et al. 2011) .
The few available studies on the phylogeography of brittle stars worldwide suggest the existence of genetic barriers, and cryptic speciation processes (Sponer et al. 2001; Le Gac et al. 2004; Muths et al. 2006 Muths et al. , 2009 Boissin et al. 2011) , even in species with long dispersal potential (Hunter & Halanych 2010) . In the Atlanto-Mediterranean zone, the controversial species complex in the genus Ophiothrix provides an interesting model, consisting of two nominal species described in the area (Koehler 1921; Guille 1964) : O. fragilis (Abildgaard, 1789) and O. quinquemaculata (Delle Chiaje, 1828) . Ophiothrix spp. are important components of the deep sea benthos along the Northeast Atlantic and Mediterranean, forming dense 'sea beds' (Guille 1964; Broom 1975; Fedra et al. 1976 ) of up of 2000 animals per square metre in the English Channel (Davoult 1989 ) that feed on detritus and plankton particles (Warner & Woodley 1975; Davoult 1989; Davoult & Gounin 1995) . The genus Ophiothrix has attracted particular attention from taxonomists due to its high morphological variability. Ophiothrix fragilis was originally described as widely distributed, living in the Northeastern Speciation and population genetics in ophiuroids d R. Pérez-Portela et al.
Atlantic Ocean from the intertidal to subtidal (300 m depth) and throughout the Mediterranean Sea (Koehler 1921; Tortonese 1965) . Koehler (1921) (Koehler 1921; Guille 1964; Tortonese 1965; Zavodnik 1976) and restricted to deep soft bottom habitats (50-250 m) where they form dense aggregations up to 50-250 specimens per square metre, similar to O. fragilis in the North Atlantic (Guille 1964; Fedra et al. 1976) . However, to date, all morphological descriptions exhibit overlap values for quantitative characters used to distinguish between species, a lack of clear-cut characters to discriminate among varieties, and considerable variability within the distribution range of each species. Two recent molecular studies have addressed the taxonomic status of Ophiothrix spp. in the Atlanto-Mediterranean area using two different genes (Baric & Sturmbauer 1999; Muths et al. 2009 ). In both studies, two genetic lineages were found that were unrelated to the traditional morphological classification of species or varieties. The first authors (using sequences of the 16S rRNA gene of 14 individuals from the Adriatic and the Irish Sea) found that the two genetic clades of Ophiothrix had individuals attributable to both O. fragilis and O. quinquemaculata and concluded that these taxa corresponded to two different ecotypes of the same species rather than two taxonomic units (Baric & Sturmbauer 1999) . The two clades occurred sympatrically in the Adriatic Sea. The second study (using sequences of the COI gene and allozymes from individuals mostly in the Northeast Atlantic) demonstrated little differentiation between O. fragilis varieties in the Atlantic and the existence of a significant genetic break separating the southern populations (both sides of the Iberian Peninsula) from the northern populations in the Atlantic (Muths et al. 2009) . No further conclusions about the taxonomic status of these lineages were proposed, and the correspondence between the 16S rRNA and the COI genetic clades found in these studies remains unclear.
The present work aimed to clarify the taxonomic status and distribution of the O. fragilis ⁄ O. quinquemaculata complex along the South European coast by defining coherent groups based on genetic data and morphology. We also wanted to analyse the phylogeographic patterns and population genetic structure of the main clade found, with special attention to a possible role of the Atlanto-Mediterranean break, in an effort to determine historical and contemporary processes involved in the genetic diversification of Ophiothrix spp. In order to relate our findings to previous studies and investigate the coherence of groupings obtained in these works, we sequenced the two mitochondrial genes previously used (16S rRNA and COI genes). Because we have mainly analysed shallow littoral specimens, we opted to refer initially to the species in this study as O. fragilis.
Material and methods

Sampling
Samples of Ophiothrix fragilis were collected between 2006 and 2011 from 13 different localities ( Fig. 1 and Table 1) ; four of them from the Northeast Atlantic coast [Roscoff (ROS), Ferrol (FER), Cascais (CAS) and Armaçao de Pera (APA)], one from the Atlanto-Mediterranean transition [Ceuta (CEU)], six from the Western Mediterranean [La Herradura (LH), Xábia (XAB), Blanes (BLA), Roses (RS), Cadaqués (CAD) and Alcudia (AL)] and two from the Eastern Mediterranean [Ladiko (LK) and Kalytea Bay (KB) in Rhodes, Greece] covering a significant range of the species' distribution in Europe. Specimens were either sampled by SCUBA diving (depth between 5 and 25 m) or collected by hand from under rocks and boulders in the intertidal. Between nine and 31 brittle stars were obtained per population, totalling 221 specimens. Due to the difficulty of collecting samples from the deeper sublittoral, only two specimens from Blanes dredged at 65 m depth could be included in the analyses. Individuals were fixed in absolute ethanol and preserved at )20°C. Tube feet of each individual were removed with forceps under binocular for DNA extraction, and the whole individuals were kept for morphological observation.
DNA analysis
Total DNA was extracted using a REDExtract-N-Amp kit (Sigma-Aldrich, http://www.sigma.com) from tube feet. Fragments of two mitochondrial genes, the cytochrome oxidase subunit I and the 16S rRNA genes (hereafter COI and 16S), were amplified and sequenced. Universal primers for COI described in the study by Folmer et al. (1994) were initially used for the amplification. In order to increase the quality of sequencing reactions, we used the reverse primer (OF-COIr) from the study by Muths et al. (2009) and designed a new forward primer from the first sequences available with the software PRIMER vs. 3.0 (http://fokker.wi.mit.edu/primer3/input.htm) as follows: FRAF: 5¢ ATTTTATATTTGGTGCTT 3¢. For the 16S gene, we also designed specific primers from sequences of O. fragilis available in GenBank as follows: 16Sofi_F 5¢ CAGTACTCTGACTGTGCAA 3¢ and 16Sofi_R 5¢ GGAAACTATGATCCAACATC 3¢. PCR amplification reactions were performed in a 20-lL total reaction volume with 10 lL of REDExtract-N-ampl PCR reaction mix (Sigma-Aldrich, http://www.sigmaaldrich.com), 0.8 lL of each primer (10 lM), 4.4 lL of ultrapure water (Sigma-Aldrich) and 4 lL of template DNA. A single step at 94°C for 7 min was followed by 35 cycles (denaturation at 94°C for 30 s, annealing at 48°C for 30 s and extension at 72°C for 35 s) and a final extension at 72°C for 7 min on a thermal cycler (BioRad Mycycler, http:// www.biorad.com). The PCR products were purified and sequenced by Macrogen, Inc. (Seoul, Korea) with the same primers used in the amplification reaction.
All sequences were edited and aligned using Bioedit Sequence Alignment Editor (Hall 1999) and the results from the alignment verified by eye. Sequences of the haplotypes found in this study have been deposited in Gen-Bank (accession numbers from JX947868 to JX948078) (http://www.genbank.com).
Phylogeography and phylogeny
Phylogenetic analyses were performed by computing NJ trees based on p-distance and Kimura 2-parameter (K2p); bootstrap analysis (1000 replicates) was used to assess the robustness of the nodes. Two outgroup species were also included in the analyses (O. trilineata and O. caespitosa). To compare our haplotypes with those from previous works, we constructed a phylogenetic tree that included our sequences of 16S and those from the study by Baric & Sturmbauer (1999) that could be unambiguously assigned to a sampling locality and morphology. For the construction of the COI tree in this study, our sequences were pooled with available sequences from the study by Muths et al. (2009) representing both lineages described in that work. Genetic divergence between lineages of Ophiothrix based on the p-distance and K2p models was calculated in MEGA vs. 3.
The complete data sets of sequences obtained in this study for the COI and 16S were used to construct unrooted networks, under the null hypothesis of no genetic differentiation among populations. We used the Network vs. 4.5.1.0 program (http://www.fluxus-engineering.com/ sharenet.htm), which assumes the median-joining network method in the absence of recombination (Bandelt et al. 1999 ). This method begins by combining the minimum spanning trees within a single network. With a parsimony criterion, median vectors ('mv', which represent missing intermediates haplotypes) are added to the network. The loops observed in the networks were solved using the criteria derived from coalescent theory (Templeton et al. 1987; Templeton & Sing 1993) .
Demographic analysis
The history of effective population size was tested by the mismatch distribution for both markers, analysing the distribution of pairwise differences among all haplotypes in a sample following the models of Rogers & Harpending (1992) and Rogers (1995) in Arlequin vs. 3.1. The mismatch method is based on the assumption that stable population sizes are reflected by a multimodal distribution of pairwise differences, while recent population growth leaves a characteristic signature in the DNA sequences in the form of a unimodal distribution of pairwise differences in the samples. We assessed the fit of mismatch distributions to the theoretical distribution expected in an expansion scenario by simulation. The raggedness index (r) and its significance were computed for each population. The history of effective population size was also assessed by means of other statistics (neutrality tests) such as Tajima's D, Fu's Fs (Fu 1997) and R 2 tests (Ramos-Onsins & Rozas 2002) using DnaSP vs. 5.10 (Librado & Rozas 2009 ). Analyses were performed for populations as well as for different lineages of Ophiothrix.
Population genetic analyses
In order to avoid mixing two different genetic pools, population genetic analyses were performed only on the best represented lineage (Lineage II, see below). Numbers of haplotypes (H), private haplotypes (hp) haplotype diversity (Hd) and nucleotide diversity (p) values were obtained with DnaSP vs. 5.10. Haplotype richness (Hr) was also calculated for the 16S and COI of Lineage II populations after rarefaction (to the minimum sample size) with the software CONTRIB (Petit et al. 1998 ). An analysis of molecular variance (AMOVA) using pairwise sequence differences was performed to examine the population structure, and its significance was tested running 16 000 permutations in Arlequin vs. 3.1 (Excoffier et al. 2005) . Populations were grouped within Atlantic and Mediterranean basins following our prior expectation of a genetic subdivision caused by the 'basin boundary'. For further analyses of population genetic structure, genetic distances (F ST ) between populations based on pairwise differences were assessed. The significance of the values was evaluated by performing 10 000 permutations with the same software. The new measure of differentiation D proposed by Jost (2008) was also obtained using the esti-mator in eq. 13 of Jost (2008) with the SPADE software (available at http://chao.stat.nthu.edu.tw), with 1000 bootstrap replicates used to estimate confidence intervals. As D is based on haplotype frequencies and the Fst measure adopted uses pairwise sequence differences, we could compare the information gleaned from both types of estimators. Analyses were run for the 16S and COI separately. A false discovery rate (FDR) correction was applied to the P-values (B-Y method as described in Narum 2006) to account for multiple tests. In the case of D, the width of the confidence interval was adjusted to the corrected p and, if it included the 0 value, no significant differentiation was inferred. Additionally, we ran a discriminant analysis of principal components (DAPC, Jombart et al. 2010) for both markers together to assess genetic structure using populations as groups with the adegenet package (Jombart et al. 2008) for the R software. DAPC is a multivariate technique that extracts information from genetic data sets (multivariate in nature) by first performing a principal component analysis (PCA) on predefined groups (populations in our case) and then using the PCA factors as variables for a discriminant analysis (DA), which seeks to maximize the intergroup component of variation. The initial PCA step ensures that the input variables for the subsequent DA are uncorrelated. This method allows the visual identification of genetic clusters of individuals and can outperform more computer-intensive Bayesian clustering approaches in detecting genetic substructure (Jombart et al. 2010) .
Results
Genetic diversity
For the mitochondrial 16S gene, we obtained 319 bp from 221 individuals collected from 13 localities (see Fig. 1 and Table 1 ). One gap was necessary for the alignment between sequences of the lineages found. A total of 57 variable sites (26%) and 63 haplotypes were found from all the sequences of this gene fragment (Table 1) . Of the total haplotypes detected, 47 (74%) were private and the number of private haplotypes per population ranged from one (Roses, RS) to seven (Ferrol, FER). Haplotype diversity (Hd) and nucleotide diversity (p) ranged from 0.490 to 0.952 and from 0.0017 to 0.0059, respectively (Table 1) .
For the COI gene, we obtained sequences of 797 bp from 161 individuals (Table 1) . Two hundred and sixty-six sites were polymorphic (33%), and 148 haplotypes were detected. Forty-eight of the variable sites had non-synonymous substitutions, and most of the haplotypes were private (99%). Haplotype diversity (Hd) and nucleotide diversity (p) ranged from 0.989 to 1.000 and from 0.010 to 0.019, respectively (Table 1 ). The highest values of haplotype richness were detected in the Greek populations.
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Phylogeny and phylogeography
Phylogenetic trees computed from the p-distance and Kimura 2-parameter (K2p) models showed equal topology and node support values. Both the 16S and the COI sequences grouped into two monophyletic clades with high bootstrap support values (99-100%) that we refer to as Lineage I and Lineage II. Simplified versions of these phylogenies (Fig. 2) highlight these distinct lineages and include the most representative and frequent sequences from our study and previous works. The full list of haplotypes is presented in Table S1 , including population frequencies and lineage assignment. Lineage I and Lineage II were geographically separated in our samples in the shallow sublittoral, but they overlapped in the NW of the Iberian Peninsula (FER, Galicia). Interestingly, the two individuals collected from the deep sublittoral (65 m) in Blanes (BLA, W Mediterranean) corresponded to one of each of the two lineages. It should be noted that the clades were coherent across genes: individuals that belong to one lineage based on one gene also belong to the same lineage based on the other gene.
For the COI, Lineage I included the sequences from Roscoff (English Channel), some from Ferrol and one juvenile collected at 65 m depth in Blanes (NW Mediterranean). They grouped together with those from the English Channel, Irish Sea and North Sea included in the study by Muths et al. (2009) Baric & Sturmbauer (1999) included (with name, locality code and accession number corresponding to that work). Individuals from Blanes are highlighted as BLA1 and BLA2. BLA1 and O. quinquemaculata AJ002795 were the same haplotype, and the same happens with H53 and O. fragilis AJ002791. Values presented on the branch nodes correspond to bootstrap percentages after 1000 replicates, when higher than 50%. Lineage II) . Lineage divergence was about 16% for the COI. Divergence between these two lineages was compa-rable to values of divergence between sequences of other species of the genus available from GenBank (Table S2 ). The 16S gene tree showed similar results. Sequences also grouped into two different lineages matching exactly those obtained from the COI sequences with the same geographic repartition, and lineage divergence was about 9% for the 16S. In addition, our Lineage I (Roscoff, plus part of Ferrol, plus one 'deep' specimen of Blanes) corresponded to Lineage I in the study by Baric & Sturmbauer (1999) , which included O. fragilis samples from the Irish Sea and one haplotype found in three O. quinquemaculata specimens dredged at 36 m depth in the Adriatic Sea (this was the same haplotype as our Blanes specimen). Our Lineage II included most of the samples from the littoral of southern Europe (between 0 and 20 m depth, plus one juvenile from Blanes at 65 m) and the four haplotypes found by Baric & Sturmbauer (1999) and assigned to their 'Lineage II'. They consisted of seven specimens from the Adriatic Sea collected either at 1 m or below 30 m depth, and assigned to the two nominal species O. fragilis and O. quinquemaculata.
Networks constructed from both markers also demonstrated the existence of two sharply divergent lineages lacking intermediate haplotypes (Fig. 3) . The 16S network had a clear star-like pattern, with numerous low-frequency (mostly private) haplotypes separated by one or a few mutations from ancestral haplotypes in the central position of the networks, and wide geographic distribution and frequency (H_1, H_4 and H_12 for Lineage II and H_53 for Lineage I). The COI network was less structured (particularly in Lineage I), with most sequences at low frequencies or as private haplotypes. The most frequent haplotype (H_19, Lineage II) appeared as an ancestral haplotypes and was represented in the Mediterranean and the Atlantic (Ferrol population). No geographic structure was detected within lineages from the network analyses.
The distance between both lineages was high but different between genes (Fig. 3) due to different mutation rates. Thus, p-distances and K2p distances between lineages were 9-10% and 15-17% for 16S and COI, respectively. Results from both phylogenetic and phylogeographic analyses showed the existence of two lineages within the Ophiothrix spp. complex with comparable values of genetic diversity (see Hd and p in Table 1 ).
Morphological observations
We examined morphological characteristics on a subset of brittle stars from both lineages for which we also had genetic information. Samples of Lineage I from Ferrol, Roscoff and Blanes and samples of Lineage II from La Herradura, Xabea, Ferrol and Blanes were included in the analysis. Although some plasticity was detected within lineages, in general, our morphological analyses revealed differences between lineages. The individuals of Lineage I always had rounded discs, ranging in diameter between 7.1 mm and 10.6 mm for adult individuals. The dorsal (aboral) side of the disc presented wide, naked radial shields (covering approximately 1 ⁄ 2 of the disc area) and always featured some slender spines in the central area of the disc, along the inter-radial fields and in the narrow field separating pairs of radial shields. Small tubercles and spinelets also dotted these areas. Colour was, in general, pale, including pink, purple and white-beige tinges (Fig. 4) . The single specimen of Lineage I from Blanes (BLA1) collected at 65 m depth was a small juvenile (>1 mm) with long spines and naked shields that corresponded to its genetic lineage (Fig. 4D 1 ) . Specimens from Lineage II displayed the variability in disc shape, which depended on the gonad development, but they were in general pentagonal. Disc diameter in adults varied between 6.5 mm and 10.6 mm for the individuals assessed. The radial shields at the dorsal side of the disc were small (approximately 1 ⁄ 3-1 ⁄ 4 the disc area) and partially covered by small spines or tubercles. The radial and central area of the dorsal side of the disc was always homogeneously covered by small spines ending in 3-4 points (Fig. 4) . These spines sometimes became longer on the border of the disc. These characters were also observed in the juvenile (BLA2) dredged at 65 m depth from Blanes (Fig. 4D 2 ) .
Some morphometric characters could be also measured and compared between lineages. In general, we observed longer arms in relation to disc diameter in Lineage I. The relationship arm length ⁄ disc diameter was 5.017 ± 0.304 (mean ± SE) in Lineage I and 6.365 ± 0.325 in Lineage II, respectively. The differences in this parameter were significant (t-test, P = 0.006). On the other hand, the number of arm spines did not differ between both lineages. We found from six to 10 spines, and between seven and 10 in Lineages I and II, respectively, as measured on the third free arm segment beyond the disc edge. However, the length of the arm spines, as measured in the second dorsal spine from the same segment of the arms, was higher (t-test, P < 0.001) in samples of Lineage I (2.525 ± 0.081 mm) than in samples of Lineage II (1.983 ± 0.090 mm). There-fore, individuals from Lineage I presented a more 'brittle' and more 'spiny' shape (Table 2) . Interestingly, our Lineage I specimens (frequent in the northern Atlantic) more closely resemble morphological descriptions of O. quinquemaculata (Guille 1964; Tortonese 1965) .
It is noteworthy that some intermediate morphologies could be observed in the area where the two lineages were found together (Ferrol in the Atlantic). Thus in Ferrol, while individuals belonging to Lineage II displayed the typical disc morphology, brittle stars from Lineage I had smaller radial shields and wider fields of small spines and tubercles than usual for this lineage. However, they did have the characteristic long spines arising from these fields (see Fig. 4C 1 
and C 2 )
Demographic events and population genetics of Lineage II The three neutrality tests computed for both genes (each population, lineage and the whole data set) detected a past demographic expansion (P < 0.05 for Fu's Fs, Rozas' R 2 and Tajima's D tests) (See detailed results for each test in Table S3 ). The mismatch distribution parameters were also in agreement with a sudden expansion, resulting in a characteristic unimodal distribution of pairwise differences (Fig. S1) .
In order to avoid mixing different genetic pools, population genetics analyses were performed only for Lineage II. We focused on Lineage II because it was the most abundant lineage in South Europe, the area preferentially sampled in this study. Estimates of the approximate time of demographic expansion in generations (t) for Lineage II were calculated by the equation 'T = 2ut' (Rogers & Harpending 1992) , where 'T' is the date of the growth or decline measured in units of mutational time and 'u' is the mutation rate per sequence and per generation. The value of u was calculated from 'u = 2lk', where 'l' is the mutation rate per nucleotide and 'k' is the number of nucleotides of the analysed fragment. The estimation from this Table 2 Main morphological features and distribution of Ophiothrix spp. Genetic lineage, disc colour, disc shape, maximum and minimum value of the relationship between arm length and disc diameter (A ⁄ D), disc spine shape, features of radial area, maximum and minimum values of spine length (second dorsal spine from the third free arm segment beyond the disc edge) and localities where they were collected Speciation and population genetics in ophiuroids d R. Pérez-Portela et al. F ST for COI above the diagonal. P-values for significance were set at 0.0109 following FDR corrections. fragment suggested that demographic expansion happened about 250.000 generations ago when a mutation rate of 3.5% per one million years was applied (Lessios et al. 1999) .
No significant differences were detected between any population pair
AMOVA results based on grouping populations of Lineage II into Atlantic and Mediterranean zones revealed that almost 100% of the genetic variability was retained within populations and no significant differences in genetic structure between basins for either gene (F CT = )0.00067, P = 0.483 and F CT = )0.00254, P = 0.790 for 16S and COI, respectively, Table S4 ).
Further analyses based on pairwise comparisons among populations using the F ST and D estimators confirmed the AMOVA results, with no significant differences detected between any pair of populations for 16S (Table 3) . Likewise, no significant differentiation was found with F ST for COI. Results from the D estimator for the COI were not conclusive (and hence not shown in Table 3 ) because most of the haplotypes were private, and thus, estimates of differentiation based on haplotype frequencies were mostly 1. This is assumed to reflect large population sizes (see Discussion) rather than true isolation between populations.
Overall, there were no genetic differences based on geographic origin, and Lineage II seemed to be a panmictic population at the scale studied. The DAPC analysis graphically depicts the interpopulation structure using both markers in Lineage II (Fig. S2) . The pattern of overlap in most populations is in agreement with the lack of differentiation found, although this analysis could detect a subtle structure, with a separation (albeit incomplete) in the first axis of one of the Greek (Ladiko) populations. Greek populations were generally the most diverse for the 16S gene.
Discussion
One of the most distinctive findings from our study was the existence of two highly divergent lineages of Ophiothrix, which likely correspond to two unrecognized species. Our study completed and clarified the picture resulting from previous works (Baric & Sturmbauer 1999; Muths et al. 2009) by showing that these previous results with different gene markers were compatible and coherent with our findings. First, our two genetic partitions had the same phylogenetic signal, with Lineages I and II obtained from one gene matching exactly the ones obtained from the other. Second, there is a correspondence between our Lineage I and Lineage I (16S data) of Baric & Sturmbauer (1999) and the northern lineage (COI data) of Muths et al. (2009) . Likewise, our Lineage II corresponded to Lineage II and the southern lineage described in these previous works. Third, our study completes the geographic distribution map of these lineages. The first work by Baric & Sturmbauer (1999) had only 14 individuals, mostly from the Adriatic Sea. One of their clades (Lineage I in our terminology) was Atlanto-Mediterranean. The other (Lineage II) was exclusively Mediterranean. Muths et al. (2009) sampled mostly NE Atlantic populations, which featured Lineage I (our terminology) individuals, while two samples of the Iberian Peninsula, one from the Mediterranean and the other from the Atlantic (Galicia), belonged to Lineage II. Our samples spanned from the English Channel to the Atlanto-Mediterranean transition to the Eastern Mediterranean. We show that Lineage I was found in the shallow sublittoral in the Atlantic but also in deeper communities in the Mediterranean (as shown by our specimen from Blanes at 65 m depth and the three individuals dredged in the Adriatic by Baric & Sturmbauer 1999) , while Lineage II was found in the Mediterranean and in the Iberian Atlantic shores, overlapping with Lineage I in the NW of the Iberian Peninsula (Galicia). It is likely that Muths et al. (2009) did not find specimens from Lineage I in their Galician population due to their small sample size (n = 6 for the whole Iberian Peninsula).
The threshold to distinguish species using molecular divergence data is variable among animal groups (Avise 1994; Lee 2004) , and comparison with closely related taxa is necessary (Hebert et al. 2003) . The level of genetic divergence between the two lineages found in this study was high (about 15.8-17% and 9.2-9.9% for COI and 16S, respectively). This level of COI divergence is similar to genetic distances found between Ophiothrix lineata, O. trilineata and O. aristulata (about 17%). Within the Echinodermata, there is a wide range of intra-and interspecific variability for COI and 16S genes (see Hart et al. 1997; Uthicke & Benzie 2003; Waters & Roy 2003; Waters et al. 2004; Hart & Podolsky 2005; Uthicke et al. 2010) . Interspecific genetic distances for the brittle star genus Macrophiothrix ranged from 1.7 to 25.4% for COI and around a 3% for 16S (Hart & Podolsky 2005) . Genetic divergence between cryptic species of the brittle star Acrochnida brachiata was ca. 19% for the COI gene (Muths et al. 2006) , and divergences for this gene among cryptic species of Ophioderma longicauda were 2.2-10.2% (Boissin et al. 2011) . Therefore, the divergences observed between the two lineages of Ophiothrix lie well within the interspecific range of divergence values in ophiuroids, while at the same time differences with outgroup Ophiothrix species are higher, all supporting the existence of two recently-diverged, sibling species in the area.
The genetic clades of Ophiothrix are seemingly unrelated to traditional morphological distinctions. Baric & Sturmbauer (1999) assigned their specimens to the two described species, O. fragilis and O. quinquemaculata, on the basis of morphological characters. The two genetic lineages detected were not coherent with this separation, Speciation and population genetics in ophiuroids d R. Pérez-Portela et al. with representatives of both 'species' in both clades. This led these authors to conclude that these taxa are not valid species but rather ecotypes that arose independently in both lineages. Likewise, Muths et al. (2009) identified all their specimens as O. fragilis and attempted to sort them, on morphological grounds, into described morphological varieties (i.e. pentaphyllum echinata and abilgaardi varieties). Again, their clades showed no consistent separation among these varieties; rather, their larger clade (corresponding to our Lineage I) included representatives of all morphological varieties separated by <1% genetic divergence. Similarly, allozyme frequencies were nearly identical between varieties, albeit with slight differences in two (of seven) loci. These authors considered that the most parsimonious explanation for their findings was that O. fragilis was a single, but morphologically plastic, species. Varieties may have arisen as adaptations to different environments, as the slight differences reported in two allozyme loci may reflect different selective pressures if these markers are not strictly neutral. A more complete genetic sampling (with more polymorphic markers) and reproductive cross-breeding trials would be necessary to ascertain whether the different species and varieties described morphologically have any genetic basis or are mere phenotypic variants. Clearly, however, they do not correspond to isolated lineages or to distinct species.
If distinctions based on traditional morphological characters are not supported by genetic clades, we may ask the opposite question of whether there is support, on morphological grounds, for the genetic clades found. The answer seems to be affirmative, because both lineages displayed differences in disc morphology, radial shields size, spines size and distribution, and morphometry; however, these results required confirmation due to the low number of specimens analysed herein. Although some quantitative aspects overlap, there are potentially useful diagnostic characters that deserve further attention; the constant rounded disc shape, wide and naked radial shields and the presence of long spines on the dorsal fields of brittle stars of Lineage I. Having studied mostly shallow littoral specimens, we cannot, at present, assess the full variation in morphological characters in any of the lineages, and this is left pending for future studies. An interesting finding, however, is that in areas where the lineages coexist (in Galicia), some intermediate forms are found (brittle stars corresponding to mitochondrial Lineage I but featuring aspects of Lineage II-like morphology; e.g. Fig. 4C 1 ) . This strongly suggests, that, in spite of marked genetic divergence, the genomes of both lineages remain partly porous, perhaps in the sense that some introgression from Lineage II to Lineage I is still possible. Clearly, more studies in the areas of overlap are necessary to definitely settle this point.
In addition, the genetic data obtained in this study indicate that the lineage widely distributed along the North Atlantic (Lineage I) belongs to the same species found on deep soft bottoms in the Mediterranean, and an accurate revision of the literature gives further support to this view. First, our specimens from Roscoff (the so-called Lineage I here) were morphologically similar to O. quinquemaculata described by Guille (1964) from the deep Mediterranean. Second is the fact that both O. fragilis in the North Atlantic and O. quinquemaculata on the deep bottoms of the Mediterranean are known to form dense beds (Broom 1975; Fedra et al. 1976; Baric & Sturmbauer 1999) . Moreover, in these dense beds, both O. fragilis and O. quinquemaculata have the same recruitment behaviour. Larvae recruit directly from the plankton onto the adults of the dense patch and juveniles are normally found on the discs, arms and within genital bursae of the large adults (Guille 1964; Warner 1971; Davoult et al. 1990) . In contrast, the 'solitary' form of Ophiothrix (genetically Lineage II), which live under rocks and boulders in the Mediterranean, recruits massively on sponges and other substrates, but never on the adults (Turon et al. 2000) .
The divergence between the recovered lineages could be inferred to date back ca. 4.8-7.5 million years, based on mutation rates of 2-3.5% per million years in echinoderms for COI (Bermingham & Lessios 1993; Lessios et al. 1999) . This estimate places the split approximately at the time of the Mio-Pliocene transition. However, divergence estimations should be interpreted with caution as they provide a very rough indication for the time frame of the split, due to the absence of a specific calibrated clock for ophiuroids. The Mio-Pliocene era was characterized by major climatic, topologic and tectonic changes (Brault et al. 2004) . A series of sea-level fluctuations led to a strong continentalization of Western Europe (Meulenkamp & Sissingh 2003) and to the desiccation of the Mediterranean sea, reduced into a series of hypersaline lakes during the so-called Messinian salinity crisis (6-5.5 Mya) (Maldonado 1985; Duggen et al. 2003) . During this period, no marine corridors existed between the NE Atlantic and the North Sea, with the exception of a passage towards the North of the British Isles, and most of the Mediterranean marine fauna was extinct. The blocking of the marine corridors could temporarily reduce genetic exchanges between ancestral populations of Ophiothrix in Europe, which subsequently separated into two Atlantic refuges, one in the colder region (North Sea and north of the British Islands) and the other in warmer southern Europe. This scenario could account for the initial divergence between Lineages I and II. A posterior expansion of the northern lineage towards South Europe with the opening of the North Sea Basin and the English Channel during subsequent sea-level increases may explain the present-day picture of secondary contacts between the separate lineages, both overlapping in NW Spain. The refilling of the Mediterranean Sea by Atlantic water via the Strait of Gibraltar, after the salinity crisis, could allow the colonization of the Mediterranean by both lineages already formed. Lineage II could spread all along the rocky littoral of the Mediterranean, whereas the Lineage I, preadapted to colder conditions, remained restricted to deep soft habitats where seawater temperature is lower and more stable. Several marine invertebrates along the Atlantic coast of Europe seem to share a similar history of vicariance on both sides of the English Channel, suggesting the importance of the Mio-Pliocene transition in the speciation processes of Atlantic marine fauna (Jolly et al. 2005 (Jolly et al. , 2006 Muths et al. 2006) . Divergence by vicariance events has been invoked as one of the most likely models of genetic differentiation at sea, fuelling speciation processes (Palumbi 1994; Cunningham & Collins 1998; Lessios et al. 2001; Wares 2001; Waters et al. 2004; Addison & Hart 2005; Muths et al. 2006) . However, the effect of environmental gradients such as bathymetry (Muths et al. 2006) or temperature cannot be completely discarded (Schroth et al. 2002) .
Biogeographic boundaries have important implications in terms of evolutionary processes such as mating isolation, maintenance of hybrid zones and speciation (Rios et al. 2002; Jolly et al. 2005; Riginos & Cunningham 2005) , and invertebrates living across such barriers have revealed major phylogeographic divergences (Williams & Benzie 1998; Waters & Roy 2003; Peijnenburg et al. 2006; Jolly et al. 2005; Muths et al. 2006; Hunter & Halanych 2008 . The existence of a current biogeographic break between the colder North Atlantic and the warmer Lusitanian province in the shallow littoral area (Spalding et al. 2007) may not be responsible for the initial genetic divergence of Ophiothrix lineages, but may be the force acting in the maintenance of the two species that differentiated in the past. In the littoral of Galicia, where the yearly average of sea surface temperature is around 16°C, both species can coexist in the shallow littoral. In southern Atlantic localities, such as Cascais and Algarve in Portugal, where seawater temperature is significantly higher (around 17.6°C and 19°C, respectively) , only Lineage II is present in shallow waters. Baric & Sturmbauer (1999) speculated that the so-called Lineage II represents the primary colonizers after the refilling of the Mediterranean Sea (about 5 million years ago) and has since evolved to a distinct species. The presence of Lineage I within the Mediterranean Sea, according to these authors, was then a secondary invasion, caused by natural means or ballast water (Carlton 1985; Carlton & Geller 1993) . Nevertheless, the hypothesis of Baric & Sturmbauer (1999) was based on a reduced number of samples and localities. For instance, these authors were not aware of the presence of Lineage II along South Atlantic shallow populations. According to their hypothesis, this would require a secondary spillover of Lineage II from the Mediterranean to the Atlantic. Thus, two reciprocal crossings of the Gibraltar divide by the two Lineages should be invoked under the hypothesis of a Mediterranean origin of Lineage II. Although species translocation from their native range to new areas is extremely common and widespread in the marine realm, including brittle stars species (Roy & Sponer 2002) , we favour here the alternative and more parsimonious view of an Atlantic origin of Lineages I and II with a secondary colonization of the Mediterranean by the already-differentiated lineages.
Demographic events and population genetics of Lineage II Sequences of the 16S and COI from Lineage II provided further insight into the historical demography, population structure and connectivity of the species. The population genetics of this clade of Ophiothrix was characterized by a high genetic diversity and a lack of population differentiation across the geographic range studied.
We have found an apparent panmixia along the Atlanto-Mediterranean rocky shore. The weak genetic structuring between populations and basins suggests (i) that a lack of barriers to gene flow within the studied area and (ii) that the Gibraltar divide does not prevent interchange between populations on both sides. Although previous reports on the biology of O. fragilis should be taken with caution because most studies have been focused on the English Channel and in the North Sea, and so presumably on Lineage I, we may tentatively extrapolate this information to Lineage II. Ophiothrix fragilis was described as a species with high fecundity and moderately long lifespan of the larvae, estimated at 21-26 days (Lefebvre 1999; Morgan & Jangoux 2002 ; data from the English Channel and Netherlands). This could be one of the causes of the lack of genetic structure of the species. Due to their suspension feeding activity, adults of O. fragilis are usually found in areas with moderate hydrodynamism (Warner 1971; Davoult 1989; Morgan & Jangoux 2004) ; therefore, hydrological regimes and a potentially long period of time in the water column can promote wide dispersal and enhance connectivity and gene flow among distant areas.
Nevertheless, the apparent panmixia detected contrasts with genetic patterns found in other marine invertebrates with similar life history and planktotrophic larvae along the same geographic area (Borsa et al. 1997; Pérez-Losada et al. 2002; Zane et al. 2000; Patarnello et al. 2007) , which Speciation and population genetics in ophiuroids d R. Pérez-Portela et al.
displayed a more or less marked genetic break between the Atlantic and the Mediterranean basins. Notably, genetic breaks within this particular area (Duran et al. 2004; Calderon et al. 2008; Maltagliati et al. 2010; Borrero-Pérez et al. 2011 ) and patterns of isolation by distance (Zulliger et al. 2009 ) have been detected in echinoderms with longlived larvae. Thus, other demographic events may be involved in the lack of genetic differentiation detected herein. The characteristic star-shaped genealogy (Slatkin & Hudson 1991) , unimodal mismatch distributions (Rogers & Harpending 1992) and significant values of the neutrality tests detected are consistent with a recent demographic expansion of the populations. Demographic expansions may homogenize genetic variability along the whole distribution range and increase genetic diversity by the retention of new genetic variants in low frequencies (Avise et al. 1984) . The estimation from the COI fragment suggests that demographic expansion happened during the Pleistocene period (250.000 years ago) in Lineage II of Ophiothrix. Demographic expansions have been attributed to episodes of marine-level oscillations during this geological period and are well documented for many marine species in Europe (Maggs et al. 2008) . Thus, a combination of present-day and historical processes (high gene flow and the homogenizing effect of a recent expansion in both lineages) may both contribute to the lack of genetic differentiation detected between populations and basins. On the other hand, the extremely high genetic diversity found in Ophiothrix seems to be a characteristic of some abundant ophiuroids likely related to large population sizes (Muths et al. 2006 (Muths et al. , 2009 Hunter & Halanych 2010) , which makes populations less sensitive to drift and helps maintain a high level of low-frequency haplotypes (Peijnenburg et al. 2006; Muths et al. 2009 ). This can explain the unusual pattern displayed by COI, with an almost complete dominance of private haplotypes separated by one or a few mutations. A large effective population size is congruent with the large abundance of the specimens observed in some localities at 2-15 m depth (author's personal observation).
The results obtained for Lineage II in South Europe were similar to the pattern observed for Lineage I along the English Channel and the British Islands by Muths et al. (2009) but, in that case, the lack of geographic structure was attributed to an admixture of ecotype varieties and ⁄ or temporal cohorts. We did not detect the existence of different ecotypes in our samples, and we tried to collect specimens with similar adult size to avoid any cohort effect. However, we detected a clear demographic expansion in Lineage I that may explain the lack of structure found by these authors. It should be noted that in the study by Muths et al. (2009) , allozyme analyses did detect a significant differentiation between populations, in clear contrast with mtDNA data, which suggests that re-analysing populations of Lineage II with more variable nuclear markers may reveal additional population differentiation.
In conclusion, two different Ophiothrix species inhabit European waters, and they do not correspond to traditional taxonomic distinctions. Paradoxically, the morphological features of our Lineage I, abundant in the northern Atlantic, correspond more to the morphology of the nominal species O. quinquemaculata from the Mediterranean. Although we cannot rely on the literature, where the two species (and varieties) have repeatedly been confused, it seems that the deep-water form in the Mediterranean described as O. quinquemaculata can belong to either of the two genetic lineages detected. As the name O. fragilis has historical preference, the use of O. quinquemaculata should be abandoned. Given that Lineage I is found in NE Atlantic, where the species was described, the name O. fragilis should be applied to this lineage. A new specific name should be erected for Lineage II, but this is better left pending until more detailed morphological analyses can be performed. The maintenance of the so-called O. fragilis varieties (again likely a mixture of the two species) seems to make little sense in the light of our results. The phylogeographic history of the two species is not fully resolved, but it was surely linked to phenomena occurring at the end of the Mio-Pliocene, coupled with processes linked to the Pleistocene climatic changes in the zone. For the most abundant lineage in this study (Lineage II), we detected a lack of genetic structure among populations and basins, possibly reflecting a recent expansion, large population sizes and high present-day gene flow. Further studies should aim at analysing deep-water populations in the Mediterranean to ascertain the degree of intermingling of the two lineages in this sea. The study of populations in the Atlantic south of Gibraltar would also be invaluable to complete the picture of the distribution of the two recognized species.
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